The green alga Ulva fasciata Delile (Ulvaceae), after thawing from storage at -20 o C, has been used to study the in vivo biosynthesis and release of lectins. The alga was made to resume viable growth by immersion in a PBS buffer, pH 7.4, containing 0.01% w/v sodium azide and irradiating with a halophosphate lamp. The growing alga readily took up 14 C leucine, when this was added to the buffer, as seen by a decrease in a sample count rate of ~ 8000 cpm over a period of twenty minutes. The transfer of the radioactivity fed algae into fresh PBS buffer resulted in 14 C labeled proteins being subsequently released into solution. As well as observing changes in levels of radioactivity, the release of proteins was also monitored by UV absorption at 280 nm. Both techniques indicated an initial steady release over the first twelve hours, followed by a slower approach to a plateau value. Transfer of the algae that had undergone an initial period of protein release into a subsequent second and third volume of fresh PBS buffer produced similar UV absorption profiles, but the total quantities of material released were reduced. Identification of the released proteins was obtained from their ability to agglutinate red blood cells, which was inhibited by L-fucose, and their electrophoretic mobilities when compared with earlier isolated samples of the U. fasciata lectin . The reference lectin was obtained by affinity chromatography, following the selective precipitation of the water soluble algal proteins with ammonium sulfate. We postulate that the observed release profiles support the previously suggested concept that lectins have the ability to function as protection agents for living marine algae.
The term lectin was introduced by Boyd [1] in 1954 to identify a very particular group of proteins that are widely distributed throughout all living organisms and collectively have the ability to agglutinate cells. This biological activity was first reported at the end of the nineteenth century by Stillmark [2] , when he observed that ricin could agglutinate erythrocytes; it was subsequently shown that the agglutination depends on a molecularly defined binding to specific sugar moieties. Detailed structure analysis has revealed that most lectins consist of a combination of protein sub-units, with the complex usually providing between one and six active glycosyl binding sites. With certain classes of lectin the presence of divalent metal ions is a prerequisite for binding to the sugar receptors, and it has also been recognized that hydrophobic regions within the protein structures may exist that interact with noncarbohydrate ligands. The lectins themselves are very often glycosylated.
The literature of the last one hundred years shows the extent to which lectins, derived from many different plant and animal sources, have been employed. Included in recent publications are reports of the exploitation of lectins for clinical diagnosis [3] , as histopathology markers [4] , for drug delivery [5] , and cancer therapy [6] . However, the first report of the existence of lectins in marine algae did not occur until 1966 [7] , but subsequent papers have shown that these too have important biological properties [8] [9] [10] .
Although numerous applications have been discovered for this large group of well characterized molecules, a major question remains only partially answered, 'what is the function of the lectins synthesized within a particular organism that is important for the life of that organism?' Although the literature is well populated with accounts of host related functions for animal lectins [11, 12] much less work has been carried out with plants and in particularly algae. Experiments relating to marine algae have revealed that the lectins from Eucheuma serra and Galaxaura marginata provide in vivo antibiotic activity against a number of vibrios [13] . There is also the suggestion that lectins from marine algae aid colonization when there is competition from other marine organisms for space and nutrients [14] . In an analogous publication, Babosha [15] recently showed that lectins within certain plant tissues can be induced to respond to pathogenic infection and oxidative stress.
Our observation that Ulva fasciata, a species native to the Caribbean Sea, could be grown in a basic medium when irradiated with a broad spectrum low wattage lamp (Figure 1 ), allowed for a simple in vivo study of protein biosynthesis in marine algae to be undertaken. Prior to the biosynthesis studies, the isolation and characterization of the lectin from U. fasciata was carried out. Products were obtained both by extraction of frozen plant tissue and also from the material that diffused from the alga when it was immersed in PBS buffer. Treatment of the separate extracts with solid ammonium sulfate, to give an initial precipitate, followed by washing with 70% ethanol and elution from a Fucose-Sepharose 6B affinity chromatography column, showed single bands from SDS PAGE containing 2-mercaptoethanol (estimated M r ~21,000). Samples from both sources were shown to agglutinate human red blood cells, with a particularly strong reaction against type O. The agglutination required the presence of divalent cations, was destroyed by heating to 70 O C, and inhibited by 12.5 mM L(-)fucose. The last was the only sugar of a total of fourteen tested which inhibited agglutination. These included, N-acetyl-Dgalactosamine, N-acetyl neuraminic acid, D-glucose, Dmannose, all molecules that are commonly found to bind to lectins, The isolation of the lectin from U. fasciata has previously been reported by Pereira and coworkers [16] using a Guar gum affinity chromatography column during its preparation. The product they described had similar agglutination properties to those given in this paper, with an estimated M r of 20,560.
The metabolic studies were carried out at a laboratory temperature of 20 o C, but the alga was also able to grow at 4 o C. U. fasciata was immersed in PBS buffer containing a total of 0.02 µ moles of 14 C DL-leucine, which provided a total activity of ~ 0.1 MBq. Monitoring the activity of aliquots of the PBS buffer, withdrawn at selected time intervals, revealed a sharp decrease in activity over the first twenty minutes, when the count rate of the feed solution dropped from ~30,000 cpm to ~22,000 cpm (27% uptake). However, the radioactivity then remained at a constant level over the next 230 minutes ( Figure 2 ). Removing the biomass from the radioactive leucine source and placing it, after extensive washing, into fresh PBS azide solution resulted in a release of radioactivity. The count rate of aliquots taken from this solution approached a plateau level of ~ 200 cpm after 24 hours ( Figure 3 ).
The PBS solution containing the released radioactivity was treated with ammonium sulfate, as described for the isolation of the pure lectin, but with appropriate The U. fasciata that was used for the radioactive release experiment into PBS solution was placed in liquid nitrogen and extracted to obtain further proteins, which were precipitated by ammonium sulfate. These proteins, when later dissolved in 10 mL PBS, gave a radioactive count from a 0.5 mL aliquot of 44 cps. Both the proteins initially released from the alga and those that remained within the plant were subjected to SDS PAGE ( Figure  4 ) and showed bands that corresponded to a M r~ 21,000, which was the same value as that of the purified lectin obtained from affinity chromatography.
The strips of gel containing these bands, when cut out and the proteins extracted gave sample count rates of 38.5 cps (released proteins) and 18.7 cps (plant residual proteins). A similar extract of a strip of protein free gel gave a background count of 2.6 cps. As the levels of radioactivity were low, the source of the count was verified as that emanating from 14 C by comparing the energy distribution spectra with that obtained for a 14 C standard of high activity. The presence of lectins in the ammonium sulfate precipitates was further verified by their ability to agglutinate group O human erythrocytes and become inhibited by L(-)fucose.
In a separate experiment, freshly thawed and washed algae were placed in radioactive free PBS buffer and the absorbance of light at 280 nm of this solution recorded with time. A curve of similar profile to that obtained by monitoring the radioactive release was observed except for a small but definite increase of absorbance after 24 hours ( Figure 3 ). Although 280 nm is recognized as an acceptable wavelength to monitor protein concentration, the presence of other molecules that do not contain a peptide structure could contribute to the absorbance at this wavelength. Replacing the initial PBS release solution with two further fresh aliquots of buffer, in turn, produced absorbance release profiles of a similar shape. Typically, 25 mg of ammonium sulfate precipitated protein was obtained per 100 g of dried algae in an initial release experiment. The absorbance values indicated that this was reduced by approximately 1/2 and 1/3, respectively when the second and third release profiles were examined.
If it is assumed that this tropical green marine alga has the same behavior in the sea as demonstrated in the laboratory then the exported lectins could have a very important mission to fulfil for the alga. As well as possible functions referred to earlier in the text, Ingram [17] indicated they could act as a defense mechanism against harmful microorganisms. Lectins such as Concanavalin A and Ricin have been shown to have the ability to bind strongly to Fucus serratus eggs and sperm, thus inhibiting the fertilization process [18] , and it has been suggested that Bostrychia radicans shows a 'Phalanx' strategy to colonize new spaces on the seabed [19] .
This collective evidence suggests that lectins could be exported not only to prevent possible damage caused by microorganisms, but also to inhibit any further growth of other algal species by stopping fertilization processes and so defend their ecological niche. Lectins could also be used to colonize new spaces letting one species take over from another. Support for these actions is given by the reported release of the monosaccharides N-acetyl-Dgalactosamine and N-acetyl-D-galactosamine, present in some algae in small-coated vesicles [20] . These sugars are known to inhibit the binding of many lectins and could thus prevent the attachment of 'foreign lectins' to the host organism and / or its reproductive gametes by occupying their active sites.
In this paper we report a straight forward procedure that shows the continuous biosynthesis of lectins in marine algae, and it is highly likely that the choice of other radio labeled amino acids with higher activities would be able to improve the sensitivity of the techniques. Our observations that a fresh release of lectins occurs when the algae were removed from an initial lectin-containing solution approaching equilibrium and placed into fresh PBS is important. It can be argued that the lectin release appears to proceed until a constant concentration is reached in the surrounding medium, and that further protein becomes available if this concentration suddenly becomes zero. The implication is that a 'feed back' mechanism exists which allows for the continued release of lectins, if the concentration of these molecules falls below a certain level. Such a situation could be envisaged if the lectins were removed from the surrounding medium by binding to aggressive foes or competitors. Furthermore, the technique we have reported allows for experimentation to monitor the relative lectin production of two different species of algae grown in close proximity. This would simply require the individual species to be fed precursor amino acids labeled with a different radioisotope Experimental Source of alga: Samples of the green Venezuelan marine alga, identified as Ulva fasciata Delile (family Ulvaceae) within the Universidad de los Andes, were collected from Punta Juanes (Morrocoy National Park), Tucacas, Falcon State, Venezuela. The algae were frozen and transported from Venezuela to the UK in cold boxes containing dried ice. The algae were defrosted as required, and cleaned of associated organisms, sand and other debris using distilled water prior to any further experimentation.
A voucher sample of U. fasciata is lodged in the Herbarium of the Facultad de Farmacia, University of Los Andes, Mérida, Venezuela.
Protein extraction: Algal material (50 g) was placed in a stainless steel bowl and covered with liquid nitrogen. Using a pestle and mortar the frozen alga was ground to a fine powder, which was added to 100 mL PBS, pH 7.3, and incubated at 4°C for 48 h. Particulate matter was removed by initially straining through a household strainer, 1 mm mesh, followed by centrifugation at 5000 rpm (MSE, Centaur 2 Centrifuge) for 10 min. The volume of the supernatant was readjusted to 100 mL, and treated at 4 o C with 56.8 g of solid ammonium sulfate to achieve 85% sulfate saturation. After the ammonium sulfate had dissolved, the mixture was left gently stirring for 60 min. The precipitates produced were collected by centrifugation at 10,000 rpm (Jouan MR-1812 Refrigerated Centrifuge, maintained at 4 o C) for 15 min, and then dissolved in the minimum quantity of PBS. The resulting solution was again centrifuged, using the previous conditions, the supernatant exhaustively dialyzed against distilled water, and then lyophilized. The resultant solid was suspended in 70% ethanol and stirred at 4 o C for 30 min to remove carbohydrates [21] . Insoluble material was collected by centrifugation, dried under reduced pressure at room temperature and stored at -20 o C until required.
Protein extracts were also obtained from incubating Ulva fasciata (50 g), in PBS buffer and 0.1% sodium azide (200 mL), at 4 o C. The resulting solution was then treated in the same way as the initial solution resulting from the liquid nitrogen extraction procedure described above.
Isolation of lectins:
Ammonium sulfate precipitated proteins, obtained from both the frozen and ground alga, and following incubation of the alga in a PBS, sodium azide solution, were processed further using affinity gel chromatography. A Sepharose~L(-)fucose complex was prepared, essentially as described by Vretblad [22] , but with the temperature used for coupling the sugar to the Sepharose reduced from 45 O C to 30 o C.The resulting gel was packed into a 10.5 x 0.8 cm column and equilibrated with 0.85% NaCl and 10 mM CaCl 2, pH 7.0, solution. Protein (10 mg), dissolved in 2 mL of the same solution, was added to the column, which was developed until all unbound material had been eluted. The eluting solution was changed to 0.85% NaCl, pH 7.0; 1 mL fractions were collected, and their absorbance values at 280 nm measured, together with their hemagglutinating activity. Appropriate fractions were pooled together, dialyzed extensively against distilled water, and lyophilized.
Preparation of erythrocyte suspensions:
Human erythrocytes (5 mL), from groups A, B, AB, and O, and also rabbit erythrocytes were extensively washed with PBS. One mL of each of the final washed and packed erythrocytes was diluted with 19 mL of PBS, in order to obtain a 5% erythrocyte suspension. A separate set of samples of the above erythrocytes was incubated with an equal volume of papain solution, (21 U mL -1 in PBS) at 37°C for 30 min, which was followed by appropriate washing with PBS.
Assessment of hemagglutination:
Hemagglutination tests were performed by mixing 0.1 mL of the appropriate algal protein product in Tris HCl buffer (0.05 M, pH 7.0) with 0.1 mL of each erythrocyte suspension. After gentle agitation, the mixtures were left to incubate at room temperature for 30 min and the degree of agglutination assessed macroscopically on a scale of 4+, for very strong, to zero for total absence.
Inhibition of hemagglutination:
Proteins were dissolved in PBS buffer to give a concentration of 4 hemagglutinating units mL -1 . Serially diluted solutions of a range of potentially inhibiting saccharides, in Tris HCl buffer, were also prepared and 0.1 mL of the appropriate sugar solution was added to 0.1 mL of the protein solutions. After incubation for 1 h, 0.1 mL of 5% papain-treated O group erythrocyte suspension was added. Incubation continued for a further 1 h at room temperature and the hemagglutination inhibition titer was recorded as the highest dilution of sugar able to inhibit erythrocyte agglutination.
Effect of EDTA on hemagglutination activity: The procedure described for assessing agglutination was modified by changing the buffer solution used to dissolve the proteins and prepare the 5% erythrocyte suspensions to 0.85% NaCl containing 50 mM of EDTA. The dissolved proteins were mixed in turn with equal amounts of erythrocyte suspensions and the mixture left to incubate at room temperature for 1 h. The hemagglutination activity was then assessed. The recovery of any observed loss in agglutination activity was tested for by adding equal amounts of 0.85% NaCl solution, containing 100 mM CaCl 2 and 100 mM MnCl 2 to the appropriate EDTA containing solutions.
Effect of temperature on hemagglutination activity:
Marine algal proteins that showed hemagglutination properties were dissolved in 0.85% NaCl + 10 mM CaCl 2, and 10 mM MnCl 2 solution, pH 7.0, to a final concentration of 5 mg mL -1 . One mL of each algal solution was heated separately in a water bath (Bird and Tatlock London Limited, Chadwell Heath Essex, UK) for 30 min at the following temperatures (40, 50, 60, 70, 80 and 90°C). Hemagglutination activity was tested before and after the heating procedure using a 5% suspension of human O erythrocytes, previously treated with papain.
Uptake and metabolism of DL-[1-14 C] leucine by
Ulva fasciata: Ulva fasciata (20 g) was submerged in 100 mL of PBS containing 0.01% sodium azide, together with 60 μL DL-[1-14 C] leucine, 2MBq/mMol, in 2% aqueous ethanol solution. The mixture was maintained at room temperature and gently stirred in an open top beaker irradiated with light from a halophosphate lamp. After 5 min, 0.5 mL of the 14 C feed solution was removed from the beaker and added to 5 mL of scintillation cocktail. This procedure was repeated at appropriate time intervals throughout the next 4 h. At the end of the incubation period, the alga was removed from the feed solution by filtration through a No 4 sintered glass filter, washed thoroughly with 2 L of PBS, and re-submerged in a further 100 mL of PBS containing 0.01% sodium azide (steeping solution). Aliquots of the steeping solution (0.5 mL) were removed periodically over the next 120 h and added separately to 5 mL of scintillation cocktail.
The steeping solution that remained was passed through a No 4 glass filter and the filtrate cooled to 4 o C. An appropriate weight (to achieve 85% saturation) of solid ammonium sulfate was added and a procedure, essentially as described above for the isolation and purification of proteins, carried out to obtain a lyophilized product. This was stored at -20 o C until required.
Irradiation lamp:
To maintain growth, U. fasciata was irradiated with light from a 58 Watt halophosphate lamp, Type L58W/23, Osram, and the spectrum of the energy output was recorded using a Rofin 6000 Spectralyser calibrated against the emission from a series of metallic element lamps. A series of strong emission peaks occur throughout the visible region (380-800nm) of the electromagnetic spectrum ( Figure 1 ).
Measurement of 14 C activity:
Typically, 0.5 mL of sample solution was added to 5 mL of scintillation fluid (Ultima Gold TM , Packard Bioscience Co. Groningen), and counted using a Tri-Carb Liquid Scintillation Analyzer (Packard Instrument Company).
UV absorption spectroscopy:
Absorbances were recorded at 280 nm using a Perkin-Elmer 628-lambda 5-3 UV/visible spectrophotometer, employing quartz cuvettes with 10 mm optical path length.
Electrophoresis: Electrophoresis (SDS-PAGE) was carried out essentially as that described by Laemmli [23] using a constant voltage of 200V and bromophenol blue as a migration marker.
(i) Staining to reveal the presence of carbohydrate:
Following electrophoresis, gels were fixed with trichloroacetic acid (12.5%) and immersed in a 1:1 mixture of 1% periodic acid and 3% acetic acid for 50 min in order to oxidize any sugar moieties. Following washing with distilled water, gels were immersed in Schiff's fuchsin-sulfite reagent (Sigma Aldrich Co., Ltd., UK) and incubated in the dark for 50 min. The latter was replaced by 0.5% (w/v) sodium metabisulfite solution for 10 min. The final step was repeated 3 times; any background staining was removed by washing the gels in distilled water overnight using a shaker.
(ii) Protein staining: A second staining procedure was carried out by immersing the Schiff's reagent-stained gels in Coomassie Brilliant Blue-R stain solution for 15 min and destaining with a mixture of 10% acetic acid and 25% methanol.
(iii) Assessment of radioactivity: Appropriate bands, which showed proteins suspected of having 14 C activity, as well as a strip under a non-used well, were cut out of the gel and the macerated strips incubated with 5 mL of scintillation fluid for 24 h at room temperature. The radioactivity present in 0.5 mL of the supernatant solution was then assessed. The energy profiles of the radioactive emissions from all samples were examined in order to verify that the counts were the result of 14 C decay.
Determination of protein concentration:
The protein concentration of U. fasciata extracts was estimated using a modification of the Bradford assay [24] . The Bradford reagent, and bovine serum albumin solution (Sigma Aldrich Co., Ltd), 2 mg mL -1 , were employed. The latter was diluted with PBS to give a range of protein standard solutions between 5 -40-μg mL -1 .
